Eleven patients with systemic mycotic infections were treated with amphotericin B, 1 mg/kg, on alternate days. Five patients also received mannitol (M), 1 g/ kg, in the amphotericin infusion, while six served as controls (C). Renal function studies prior to therapy were repeated at a total cumulative amphotericin B dosage of 25 mg/kg; renal biopsies were obtained from 10 patients. Inulin and creatinine clearances decreased in both the C and M groups, significantly so in the latter. Urinary concentrating ability of five patients (2C, 3M) decreased as did the capacity of three (1C, 2M) to acidify urine after an acid load. Neither the peak and valley levels of amphotericin B in serum nor the urinary excretion thereof differed between the C and M groups. Striking vacuolization of smooth muscle cells, previously unrecognized, was observed in the media of arterioles and arteries in all renal biopsies. Tubular calcification was present in both groups. In summary, M therapy (1 g/kg) did not protect against the nephrotoxicity of amphotericin B. A unique lesion of the renal vasculature secondary to amphotericin B is described.
Many of the side effects associated with amphotericin B therapy can be ameliorated by therapy every other day and by judicious cotherapy with such agents as heparin, corticosteroids, and antiemetics. Unfortunately, there has been little success in reducing the nephrotoxic effects that often restrict therapy. These include reduction in glomerular filtration rate (GFR) and renal blood flow (5, 24) and abnormalities of distal tubular function. The latter are manifested histologically by intratubular and interstitial calcium deposition (25) and functionally by impaired urinary concentrating ability (13) , and by renal tubular acidosis with secondary potassium wasting (4, 5, 17) .
Although individual susceptibility to the nephrotoxicity of amphotericin B appears to vary widely (18) , the likelihood of at least transient renal impairment is high with the large dose (1.5 to 2.5 g) usually required to treat adequately many of the systemic mycotic infections (5) . It has been suggested that alkali therapy might prevent some aspects of amphotericin B nephrotoxicity (17) , and in an experimental rat model administration of bicarbonate during amphotericin therapy was shown to improve several measures of renal function (11) . Unfortunately, similar studies in man are not available.
More recently, it has been reported that administration of an osmotic diuretic, mannitol, significantly reduces the nephrotoxicity of acute amphotericin B administration to dogs (12) . Mannitol therapy appeared to prevent a rise in the blood urea nitrogen and serum creatinine (Cr) values as well as the degeneration of renal tubular epithelium that occurred when amphotericin B was administered alone. Clinically, mannitol has been employed extensively as cotherapy with amphotericin B, and protective effects on the kidney have been claimed in one small uncontrolled study (20) . Because of widespread interest in the therapeutic potential of mannitol (3), we have conducted and here report the results of a double-blind controlled study designed to evaluate the capacity of this agent to diminish the nephrotoxicity of amphotericin B in man.
MATERIALS AND METHODS Patient selection. Potential subjects for study were screened for suitability as participants by four criteria: (i) proof of active systemic mycotic infection; (ii) no prior amphotericin B therapy; (iii) normal renal function as judged by urinalysis and levels of blood urea nitrogen and serum creatinine; (iv) absence of diabetes mellitus and hypertension (diastolic pressure > 90 mm of Hg). Patients meeting these criteria were advised ofthe study verbally and in writing. Those giving informed consent were then entered into a treatment protocol approved by the 555 University of Kentucky Human Investigation and Studies Committee. Upon entry into the study, renal function of all patients was evaluated by measurement of inulin clearance (C1n), creatinine clearance (CCr), and urinary concentrating and acidifying ability. Serum electrolytes, calcium, phosphorus, and uric acid were measured, and urine cultures were performed. An intravenous pyelogram was normal in all patients.
Investigational protocol. After completion of renal function studies, amphotericin B (hereafter designated as A), supplied and labeled under a Food and Drug Administration investigational new drug number by E. R. Squibb & Co., was administered intravenously in three increasing doses until the full dosage schedule of 1 mg/kg of body weight, given every other day, was attained. Full doses were given in 500 ml of 5% dextrose in water over a 4-h period. Assignment ofpatients to a control (C) group receiving A therapy alone or to a mannitol (M) treatment group was made by a physician and a pharmacist not associated with the daily care of study patients. M was added without labeling to the A solution of patients chosen to receive M cotherapy so that the contents of an infusion, other than A concentration, were unknown to both the attending physicians and patients during the course of therapy. In all cases, the dose of M administered with A was 1 g/kg of body weight. This dose is in the range used to treat acute renal failure (16) but below that producing toxic effects (9) . Attending physicians prescribed medications from a preselected panel of drugs when necessary for relief of various side effects caused by A. These included: (i) heparin, 1,000 U or less added to each 500 ml of infusion to control phlebitis; (ii) 20 mg of hydrocortisone or its equivalent delivered as an intravenous bolus immediately prior to each A infusion; (iii) Proclorperazine, 10 mg, orally, 0.5 h before infusion of A and every 8 h to a total of three doses; (iv) aspirin, 600 mg, orally, 0.5 h prior to infusion and every 6 h as needed for reduction of fever (>102°F) induced by therapy; (v) NaHCO3 for replacement of bicarbonate when serum CO2 fell to 18 meq/liter; (vi) KCl, 1 g, orally three times daily, as needed for serum potassium levels less than 3.8 meq/liter.
Criteria for the removal of a patient from study were: (i) interruption of A therapy as the result of noncompliance, (ii) nephrotoxicity sufficient to elevate Cr to 3.5 mg/100 ml, or (iii) to decrease the Ccr to 25% or less of the pretreatment control value. In fact, no patient was dropped from the study for these reasons.
In addition to clinical assessment of patients, mandatory clinical studies at weekly intervals included weighing, 24-h urine collection, complete blood count, urinalysis, and measurement of serum electrolytes, Cr, blood urea nitrogen, and erythrocyte sedimentation rate. At intervals of 2 weeks to 1 month, appropriate X-ray studies, fungal cultures, and fungal serologies were repeated. At a total cumulative A dosage of 25 mg/kg of body weight, all renal function studies were repeated. In addition, percutaneous renal biopsy was performed under fluoroscopic guidance in 10 patients, all of whom gave informed consent. Biopsy was not carried out in one patient (no. 8) because of severe kyphosis. After biopsy, the course of A was completed to a total mean dosage of 43 mg/kg of body weight in 10 patients. One patient failed to return after receiving 1.7 g.
Assay of A in blood and urine. After the third administration of A at full daily dosage (1 mg/kg of body weight), serum and urine specimen were collected for assay at weekly intervals from all patients. Blood for peak A levels was drawn within 30 min after completion of the infusion. For assay of valley levels, blood was drawn just prior to the next infusion 48 h later. Twenty-four-hour urine collections were started at the beginning of an infusion. During collection, urine was kept at 4°C, after which a 10-ml portion was removed and, along with serum, frozen at -60°C until assayed. The remaining urine was assayed for creatinine as a check on adequacy of collection. Serum and urinary concentrations of A were measured on coded specimens through the courtesy of the Squibb Institute of Medical Research, New Brunswick, N.J. Levels were determined by bioassay using the Paecilomyces varioti small-plate agar diffusion assay (21) .
Renal function studies. All renal studies and renal biopsies were performed at least 24 h after an infusion of A on the "off' day of therapy. Inulin -clearance studies were performed in the morning after a light breakfast. Two sequential hourly urine collections were taken during a modest water diuresis (100 ml/h), and the average value was used; a bladder catheter was employed for two patients. Inulin was measured by the method of Kulka (14) . Serum and urinary creatinine were measured by an autoanalyzer (Technicon). Serum electrolytes, uric acid, calcium, and phosphorus were measured by the clinical laboratory. To measure urine concentrating ability, 5 U of pitressin tannate in oil (Parke, Davis & Co.) was given intramuscularly after voiding at 10 p.m. The osmolality of the next three voided urine specimens was measured by an advanced osmometer, and the highest value was selected. The "short" ammonium chloride loading test was performed by the method of Wrong and Davies (26); fresh urine was collected under mineral oil, and urinary pH was measured by a Beckman pH meter.
Histological methods. Light, electron, and fluorescence microscopy of renal biopsies was carried out by one of us (D.B.) without knowledge of which patients received M. For light microscopy studies, serial sections (1 to 2 ,um thick) were made of formalin-fixed tissue and stained by hematoxylin and eosin, periodic acid Schiff, periodic acid silver methenamine-Masson trichrome, and von Kossa methods. For electron microscopy, 1-mm tissue cubes were fixed in 3.5% buffered glutaraldehyde, postfixed in 1% osmium tetroxide for 1 Renal function. In the overall group of 11 patients studied prior to therapy, the C10 was 113 ± 9 ml/min per 1.73 m2 (mean ± standard error of mean), the Ccr was 86 ± 7 ml/min per 1.73 m2, and the Cr was 0.9 ± 0.04 mg/100 ml. The mean urinary osmolality (Uosm) after pitressin was 659 ± 79 mosm/kg (excluding patient no. 4 with a normal inulin clearance but who failed to concentrate in association with a persistent urinary tract infection secondary to an indwelling catheter necessitated by her neurological state). The mean minimum urinary pH after NH4Cl was 5.2 (patient no. 4 excluded).
At the "target" dose of 25 mg/kg of A, there was a considerable drop in the inulin and creatinine clearance of both the C and M groups ( Fig. 1; Table 2 ). Of interest, two patients in the C group showed very little change in GFR during A treatment (Fig. 1, no. 2 and 4) . The mean xenith level of Cr during A therapy in the C group was 1.8 ± 0.3 mg/100 ml and 1.5 ± 0.2 mg/100 ml in the M group (P < 0.1). Overall, older patients appeared to have a less marked drop in GFR. Thus, in patients over 60 years of age from both groups (n = 5), the mean drop in CCr was 10 ± 4 ml/min as compared to 55 ± 3 ml/min in patients less than 60 years of age (n = 6) of both groups (P < 0.001).
Five patients (2C, 3M) showed a drop in concentrating ability, and three (1C, 2M) showed a drop in minimum hydrogen ion concentration after ammonium chloride loading (Table 3 ; Fig.  2 and 3) . Signs of sodium depletion were carefully sought, but not found, in any patient. 11 patients is considered as a whole, a significant deterioration in GFR, urinary concentrating ability, and urinary acidification after an acid load was observed (Table 4) .
Renal biopsies. At least 10 nonsclerosed glomeruli/biopsy were seen. By light microscopy, no specific glomerular lesion was found, and immunofluorescence studies were negative. Since 9 of the 10 patients were over 40 years of age, it is not surprising that arterial and arteriolar sclerotic changes were common. Tubular calcification was scored by an arbitrary scale on which 1+ signified minimal calcification (1 calcified focus/10 high-power fields). Extensive calcification (more than one focus/high-power (Table 5 ).
In varying degrees tubular calcification was observed in all but one patient (no. 4) and tended to be worse in the M group. There was, however, no correlation between tubular calcification and changes in glomerular and tubular function. There was no evidence of coagulation necrosis in the tubular lining cells, and there appeared to be no significant difference in the tubular cell cytoplasmic vacuolization between the M and C group.
A striking vacuolization in the media of small arterial and arteriolar profiles was seen in all biopsies (Fig. 4) . The vacuolization was focal even in the most extensively affected biopsy specimens. Because of this, and the varying amounts of renal tissue sampled from case to case, qualitative assessment was necessarily arbitrary. Larger and frequently encountered lesions in small arteries and arterioles with relatively few uninvolved profiles were classed as 3+ (Table 5 ). Small vacuoles found in only an occasional vessel were classified as 1 + severity. Assessment of the severity of vacuolization was made "blindly" on two occasions by the same observer with good agreement.
There was no relationship between the degree of vacuolization and the arterial and arteriolar sclerotic changes. In ultramicroscopic studies of more severely involved biopsies, vacuoles were both more numerous as well as larger, sometimes displacing the nucleus of the smooth muscle cells (Fig. 4B) . Vacuoles appeared to evolve by fusion ofdilated smooth and rough endoplasmic reticulum; in one instance, invaginating pinocytic vesicle formations suggested continuity with the peripheral plasma membrane of a medial cell. Vacuoles were more striking in arterioles than in the arteries, and occasionally they were seen in afferent arterioles. In general, changes were more marked in the M group (Table 5) . To our knowledge, these changes have not been previously described as a consequence of A therapy.
Serum levels and urinary excretion of A. The peak and valley levels and urinary excretion of A were remarkably uniform for each patient during the course of therapy. Mean values for the C and M group are listed in Table 6 where it can be seen that there was no significant difference between the peak and valley levels of A measured in either group. Furthermore, there was no significant difference in the urinary excretion of A between the C and the M group, although excretion was slightly higher in the latter group.
DISCUSSION
Under conditions of this study, M in a dosage of 1 g/kg of body weight did not prevent the functional and histological manifestations of A nephrotoxicity. There was a significant and at least as great a fall in inulin and creatinine clearance within the M-treated group as in controls. Likewise, there was at least as much alteration of tubular function in the group treated with M as in the C group. Further, a newly recognized abnormality in the media of small arteries and arterioles appeared more severe in the M group.
A produces renal impairment by two substantially independent mechanisms. Firstly, an acute reduction in renal blood flow and GFR has been observed in man (2, 4, 5, 24) , dogs (6), and rats (11) . Infusion of the drug into the renal artery of a dog is associated with radiologically demonstrable intense vasoconstriction of small intrarenal blood vessels and cortical ischemia (6) . Secondly, specific impairment of distal nephron functions, such as impaired concentrating ability (13) , and distal renal tubular acidosis (4, 17) , has been attributed to effects of the drug on tubular cell membranes; A interacts with membrane-bound sterols (1) to increase passive permeability to sodium, potassium, hydrogen ion, water, and low-molecularweight solutes such as urea (1, 15, 23) . In toad bladder studies, A increases membrane permeability only on the mucosal side of the membrane (15) . Such effects on tubular cell membranes could explain potassium wasting and the inability to maintain a hydrogen ion and an osmotic gradient in the distal nephron.
Mannitol has both renal vasodilatory and "tubular flushing' effects (16) which might have been expected to influence favorably both of the nephrotoxic mechanisms associated with A therapy. In rats during renal hypoperfusion induced by aortic clamping (19) , and after 2 h of complete obstruction of the renal artery (8), M can maintain glomerular filtration and urinary flow when infusion of saline cannot. There is also evidence in dogs of the ability of M to reduce renal vascular resistance in similar circumstances (7, 10) . M increases medullary blood flow and reduces medullary hyperosmo- Membranes of the dilated rough endoplasmic reticulum (arrow) tend to break and form irregular membrane profiles (MP) suspended in the vacuolar lumen. x9,500.
in the vasa recta and, possibly, in the medullary interstitium itself. The osmotic diuresis induced by M infusion might be expected both to dilute A concentrations in the distal tubular lumina and to decrease luminal membrane contact time, especially if M also increased the GFR. Despite the attractiveness of these hypothetically protective mechanisms and the previously reported protective effect in dogs (12) , this controlled study has failed to confirm a beneficial effect of M. It is, of course, possible that a larger dose might have been protective, but the dose used (1 g/kg) was approximately twice that used in the dog study (12) and in a report on the use of M in four patients (20) . Further increase in M dosage might be hazardous for two reasons. Retention of M in the presence of a reduced GFR would tend to expand the extracellular fluid and cause hyponatremia; alternatively, osmotic diuresis may cause obligatory losses of sodium, water, and potassium which may be especially hazardous in patients receiving A. In addition, the histological and electron microscopic studies of renal biopsies from our patients suggest that a medial vacuolar lesion of arterioles and arteries may be more marked in patients receiving both A and M. The vacuoles within renal vasculature appear to be made up of periodic acid Schiff stainnegative electron-lucent material which contains protoplasmic sap and some of the cytoplasmic organelles in varying stages of degeneration (Bhathena, D., W. E. Bullock, C. E. Nuttall, and R. G. Luke, submitted for publication). Continuity of vacuoles with the external cell membrane was suggested on electron microscopic study of at least one biopsy. It seems likely that these vacuoles are related to the increase in solute permeability of plasma membranes produced by A or to the intense renal vasoconstriction associated with administration of this drug or a combination of these effects. Whereas changes in membrane permeability appear to result from interactions of A with membrane-bound sterols to form pores (1), there is as yet no satisfactory explanation for the mechanism of vasoconstriction induced by A.
